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Abstract 
Carbon dioxide capture and storage by mineralization (CCSM), also known as ex-situ mineralization, is an important 
technology for industrial CCS. The integration of CO2 capture using aqueous ammonia with ex-situ mineralisation 
avoids stripping CO2 as pure gas from absorbents and compression of c, and therefore, potentially reduces the high 
energy consumption of capture. It was found that the solid liquid ratio has a large influence on the energy 
consumption cost.  Therefore, in this study,  two different solid liquid ratios values were used for evaluating the 
OPEX in terms of energy consumption, chemical costs and feedstock cost. The results show that the total cost to 
sequestering 1 t CO2 is 100 US$ and 119 US$ for the 50 and at 300 g/l case, respectivelt. Using low solid to liquid 
ratio (50 g/l) resulted in large streams in the process, and thus resulting in a high energy consumption. However, high 
solid to liquid ratio (300 g/l) decreases the dissolution and carbonation efficiencies.  
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Introduction 
Carbon dioxide capture and storage by mineralization (CCSM) is an important emission reduction 
technology for distributed CCS, due to its scalability for small/medium scale emitters, where geological 
storage may not be feasible. The integration of aqueous ammonia CO2 capture with mineralisation using 
recyclable ammonium salts is a novel process that is described as follows [1]: aqueous ammonia is used to 
capture CO2 from flue gas producing a mixture of (NH4)2CO3 and NH4HCO3. In the mineral dissolution 
step, NH4HSO4 is used to extract Mg from serpentine at mild heating conditions. The Mg-rich solution 
produced is then regulated to neutral pH by adding aqueous ammonia. After that, the impurities in the 
leaching solution are removed by adding aqueous ammonia. The solution then reacts with the 
intermediate product ((NH4)2CO3/ NH4HCO3) from the CO2 capture step to precipitate carbonates. Finally, 
the by-product of (NH4)2SO4 from the carbonation step is recovered by evaporation and subsequently 
heated up to regenerate ammonia which goes back to the capture step and NH4HSO4 which is then reused 
for the mineral dissolution step. This process avoids stripping CO2 as pure gas from absorbents and 
compression of CO2, and therefore, has the potential to reduce significantly the energy consumption of 
the capture process.  
The authors have previously studied the effects of operating variables on carbonation efficiency, 
including reaction temperature, reaction time, particle size of feedstock, solid to liquid ratio and molar 
ratio of Mg2+: intermediate product:NH3 [2]. Based on this previous work, this study presents a preliminary 
evaluation to estimate the operation cost (OPEX), including energy consumption, chemical costs and 
feedstock cost.  
 
Experimental methods 
In this work, a preliminary evaluation was conducted to evaluate the OPEX of the process using two 
different solid to liquid ratios (50 g/l and 300 g/l). A block diagram of the process scheme is shown in 
Figure 1. Firstly, the hot flue gas at a temperature of 900-1300°C from the combustor passes through the 
thermal decomposition tower, where ammonium sulfate is decomposed into ammonium bisulfate and 
ammonia gas. After passing through a heat exchanger, ammonia gas and water vapour are condensed as 
aqueous ammonia and the flue gas is sent into an adsorption tower, where CO2 is absorbed by a high 
concentration of aqueous ammonia into CO2 containing ammonium salts (NH4HCO3, (NH4)2CO3 and 
NH4NH2CO2). The mineral is grinded to particle size between 75-150  and mixed with water from the 
mechanical vapour recompression (MVR) evaporator and NH4HSO4 from the thermal decomposition 
tower. The Mg ions are dissolved from the mixed slurry in the dissolution reactor. After filtering the solid 
residue (consisting mainly of amorphous silica), the pH of the Mg-rich solution is regulated by adding 
ammonia water to a pH value of 7 and a Fe-rich precipitate is produced with increasing pH. After filtering 
the Fe-rich precipitate, the Mg-rich solution reacted with CO2 containing ammonium salts from the 
capture step to precipitate magnesite. After filtering the carbonate product, the remaining solution 
consisting mainly of ammonium sulfate is sent to the MVR evaporator. Dry ammonium sulfate solid is 
collected for the thermal decomposition, and water is recycled.   
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Figure 1: Block diagram of the CCSM process with recyclable ammonium salts. 
 
For the analysis, several assumptions were made based on the experimental results were made to simplify 
the work. 
i. The analysis was based on sequestering 1 t of CO2. 
ii. Serpentine consists of 24 wt. % of Mg.  
iii. For the low solid to liquid ratio scenario, the 50 g/l was used. According to  previous 
work [2], the total CO2 fixation efficiency is 77 %, with 100 % and 96 % of dissolution and 
carbonation efficiencies, respectively.  
iv. For the high solid to liquid ratio scenario, the 300 g/l was used. According to previous work [3], 
the total CO2 fixation efficiency is 47 %, while 71 and 65 % are the dissolution and carbonation 
efficiencies, respectively.  
 
 
Results and discussions 
The input and output of the two process routes were calculated and are presented in Table 1.  
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Table 1: Mass balance of the two process routes. 
   50 g/l  (t) 300 g/l (t) 
Input   
CO2 1 1 
Serpentine 3.0 4.9 
H2O -4.21 -0.71 
NH4HSO4 0.2 1.5 
NH3 0.2 -0.31 
Output   
NH4HCO3/(NH4)2CO3/NH4NH2CO2 2.2 2.2 
MgSO4 0.2 1.4 
(NH4)2SO4 0.1 0.1 
Product 1 1.3   
Product 2 0.3   
Residual solid   3.1 
Hydromagnesite 2.8   
Magnesite   1.9 
*Negative values indicate these chemicals are produced from the process. 
According to the mass balance, the energy consumption for each step was calculated (Table 2) based on 
the following energy penalties.  
 Grinding: 13 kWh/t is used to grind mineral to 75 -150 m particle size [4]. 
 CO2 capture: 19 kWh is used to capture 1 t CO2 in the aqueous ammonia capture step with 
recyclable ammonium salts process [5]. 
 Water evaporation: MVR evaporator was selected and 8 kWh/t water evaporated [6]. 
 Filtering: Hydrocyclone was selected and 0.2 kWh/t solution filtered [7].  
 Pumping: 1.47 kWh/t solution pumped. 
 Thermal decomposition: 6 kWh/t ammonium salts for pumping, cooling and preheating for the 
thermal decomposition of ammonium salts, if heat recovered from the flue gas is applied (result 
from Aspen simulation).   
 The electricity price is 0.03 US$/kWh. 
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Table 2: Energy consumption (kWh) of the two process routes. 
  50 g/l (kWh) 300 g/l (kWh) 
Grinding  39 63 
CO2 capture 95 28 
MVR evaporation 701 169 
Filtering 49 19 
Pumping 76 78 
Thermal decomposition 128 43 
Total energy 1088 400 
 
The chemical requirements for the two process routes are presented in Table 3. It is assumed that 
(NH4)2SO4 is supplied to produce NH4HSO4 and NH3 by thermal decomposition with 95 % efficiency. 
Any excess NH4HSO4 or NH3 can be used in the process, and this is considered in the calculation of the 
chemical costs. 
 
Table 3: Chemical requirements (t) and costs (US$) of the two process routes. 
 Amount in 50 g/l  
scenario (t) 
Amount in 300 g/l 
scenario (t) 
NH4HSO4 0.2 1.5 
NH3(capture + mineralisation) 0.2 -0.3 
(NH4)2SO4 (equal, 99 % purity) a 1.9 1.7 
NH3 (generation from (NH4)2SO4) 0.0 -0.5 
NH4HSO4 -1.4d 0.0 
Cost of (NH4)2SO4 (US$) 172.1 154.5 
Cost of NH3 b (US$) 0.0 -84.3 
Cost of NH4HSO4 c (US$) -127.4 0.0 
Total Chemical cost (US$) 44.7 70.2 
a Price of NH3 is 180 US$/t. 
b Price of NH4HSO4 is 90 US$/t. 
c Price of (NH4)2SO4 is 90 US$/t. 
d Negative value means excess amount is produced. 
 
The OPEX of the two process routes is shown in Table 4. The total costs for sequestering 1 t CO2 are 100 
US$ and 119 US$ t for the 50 g/l and 300 g/l solid to liquid ratios, respectively. In both cases, the highest 
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cost come from the chemical and accounting for 59-65 % of the total cost. The MVR evaporation is the 
most energy intensive step, with up to 702 kWh/t CO2 sequestered for the 50 g/l case. The costs of 
feedstock are closely related to the carbon fixation efficiency, where increasing efficiency can reduce the 
feedstock cost. In addition, it can be seen that the solid liquid ratio has a strong influence on the energy 
consumption.  Low solid to liquid ratio resulted in a large amount of water evaporated that subsequently 
needs to be filtered and pumped. However, both dissolution and carbonation efficiencies decreased at 
high solid to liquid ratio, and therefore, more serpentine and chemicals are required. Moreover, 
dissolution efficiency influences the required amount of serpentine and the amount of products, while 
carbonation influences the required net amount of NH3 and NH4HSO4 and the energy consumption on 
CO2 capture. 
 
Table 4: OPEX of the two process routes. 
 50 g/l scenario  
(US$/tCO2  
sequestered ) 
300 g/l scenario 
(US$/tCO2 sequestered ) 
Energy cost a 33 12 
Chemical cost 45 70 
Mineral cost b 15 24 
Transport cost (100km) c 7 12 
Total cost 100 119 
a Electricity price is 0.03 US$/kWh. 
b Price of serpentine is 5 US$/t. 
c Transportation cost is 2.5 US$/t for 100 km. 
 
Based on this preliminary cost analysis, the following recommendations are made for the process to 
improve its economical viability. The low solid to liquid ratio case is better than the high solid to liquid 
ratio scenario in terms of total cost. However, the solid to liquid ratio should be maximised without 
exceeding the solubility limit of ammonium sulphate. The input of ammonium salts should be reduced, 
but the carbonation efficiency should be maintained. In addition, it is also suggested that the carbonation 
step should be conducted using an autoclave reactor instead of an open glass reactor to produce magnesite 
instead of hydromagnesite. Another important parameter to be considered is the reaction time, where 
longer reaction times give high dissolution efficiency, but this demands a large reactor size, and therefore, 
increase the capital cost. It is also important to limit the dissolution time to 1 h considering the trade off 
between the cost and the efficiency.  
 
For the energy consumption of process route with 50 g/l, MVR evaporation consumes the largest energy 
of 702 kWh, which accounts for 64 % of the total. Then in increasing order of energy consumption, there 
is thermal decomposition, CO2 capture, pumping, filtering and grinding. It is confirmed that increasing 
the carbonation efficiency can significantly reduce the chemical cost, while increasing the solid to liquid 
ratio can largely reduce the energy consumption. In comparison with other researchers  work, the energy 
consumption of process route with 50 g/l (1044 kWh/t CO2) is similar to the best result of 1009 kWh/t 
CO2 from Gerdemann et al. [8], where serpentine was sequestered at 155 °C and 115 bar [8]. The chemical 
cost of this study (45 and 70 US$/t CO2) is significantly lower than Teir et al. reported 1300-1600 US$/t 
CO2 sequestered using serpentine and un-recyclable HCl or HNO3 and NaOH [9].   
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Conclusions 
The CCSM process with recyclable ammonium salts proposed here has 100 and 119 US$/t CO2 
sequestered for solid to liquid ratio as 50 g/l and 300 g/l scenarios, respectively. Moreover, the CO2 
capture costs are included in the total cost of the CCSM process. Therefore, the integration of the 
proposed mineral carbonation process with the aqueous ammonia capture using recyclable ammonium 
salts results in significant costs reduction and facilitates the potential to be a commercialized technology 
for distributed CCS. 
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